ABSTRACT Mosquitoes rely on carbon dioxide (CO 2 ) as a primary component in host-seeking behavior. CO 2 is detected by specialized receptor neurons in basiconic sensilla located on the maxillary palps of the mosquito. The sensitivity and speciÞcity of these sensors can be studied using single-cell electrophysiological methods. Such electrophysiological data reveal that certain aspects of the sensitivity of these sensors change during the maturation of adult female Aedes aegypti (L.) (Diptera: Culicidae). Although the mean threshold of response is similar between the ages examined, the overall sensitivity and temporal pattern of discharge of the neurons vary with age. Older females, which are likely to engage in host-seeking behavior, are more responsive to CO 2 than very young females that are unlikely to seek hosts. Male mosquitoes did not show a similar pronounced pattern of sensitivity. The implications of such differences are discussed with respect to behavior.
Many biting insects, including anautogenous mosquitoes, require a bloodmeal before ö ogenesis. The blood serves as a primary source of energy for egg development. To acquire this bloodmeal, the female mosquito must locate a host for feeding. One of the sensory cues involved in this host-seeking behavior is carbon dioxide (CO 2 ), a primary byproduct of cellular respiration and consequently released in large amounts by potential hosts. To that end, female mosquitoes, as well as many other biting insects, are equipped with an array of sensors that are highly sensitive and speciÞ-cally tuned to CO 2 (Grant et al. 1995 , Grant and OÕConnell 1996 , Grant and Kline 2003 , Kellogg 1970 . The maxillary palps of male mosquitoes also possess CO 2 -sensitive neurons housed in morphologically similar basiconic sensilla.
A female Ae. aegypti mates soon after emergence, and some time later she blood feeds. Within several days of bloodfeeding, she lays her eggs. Because host seeking is highly dependent on olfactory cues, perhaps the time frames for the onset of these behaviors correspond with the development of the sensory system, or the central nervous system, or both. If the initial stages of the mosquito life involve behaviors that require little host seeking and therefore little CO 2 perception, the functionality of this arm of the sensory system may lag in development. Although it is not possible to state the causal relationships between these host-related sensory capabilities and the development of host-seeking behaviors, others have observed similar correlations in other sensory systems. Davis (1984b) studied the temporal development of the lactic acid-sensitive receptor neurons on the mosquito antenna and found a strong correlation between the posteclosion age of the mosquito and the development of the sensitivity of the lactic acid receptor and host-seeking behavior. Differences in the rates of development of different parts of sensory systems have been studied electrophysiologically and reported in other insects as well (Schweitzer et al. 1976 , Blaney et al. 1986 , Crnjar et al. 1990 .
Because the sensory capabilities of an animal will ultimately set limits on many behavioral acts, a thorough understanding of the development of the sensory capabilities is necessary. In this report, we examine the effects of postemergence age on the sensitivity of CO 2 sensory neurons in female and male Ae. aegypti, with the expectation that knowledge of the fundamental biology of the mosquito will lead to enhancements of methods for controlling this medically important disease vector. tained in culture at American Biophysics Insectary on TetraMin Þsh food at 27ЊC, 60% RH, and a photoperiod of 14:10 h (L:D). As pupae emerged, adults were segregated according to age of emergence. Adult mosquitoes were allowed to feed on 10% sucrose-in-water or sugar cubes ad libitum. Two ages of mosquitoes were tested: 0 Ð2 d postemergence (young) and 4 Ð7 d post emergence (older).
Mosquito Preparation. To ensure stable recordings, the mosquito was immobilized with the maxillary palps positioned in a manner that allowed unobstructed access of the recording microelectrode to the targeted sensillum. Adults were held on a 5.25-cm 2 glass plate mounted in a Plexiglas holder with minute strips of sticky tape (Scotch double stick tape, 3M, St. Paul. MN) or Þber threads to secure the thorax, abdomen, legs, and wings. Once the mosquito was secured, the preparation was positioned under the objectives of a compound light microscope with an effective magniÞcation of Ϸ750ϫ.
Electrode Manufacture and Recording. The recording microelectrodes were hand made of 125-m-diameter straightened tungsten wire that was electrolytically sharpened in a 10% electrolyte solution to a tip diameter Ͻ1 m (Hubel 1957, Galbreath and Galbreath 1977) . The microelectrode was mounted in a vibration-damped glass tube that was held in a low-drift, high-gain Leitz micromanipulator (Leitz, Wetzlar, Germany). An indifferent electrode, of similar design, was inserted into the eye of the mosquito, and the recording electrode was inserted into the base of an individual sensillum on the palp.
After placement of the electrodes, the electrical signals obtained from the neurons within the sensillum were band-passed Þltered, ampliÞed (AC-coupled ampliÞer) and sent in parallel to an audio monitor and a computer for subsequent data acquisition, action potential discrimination, analysis, and storage. The basic workstation, including the microscope, manipulators, preparation stage, and ampliÞer, were all mounted on a vibration isolation breadboard held in a shielded Faraday cage. The electrical circuits required for this apparatus were isolated and independently earthed through a dedicated ground.
Data Acquisition and Action Potential Discrimination. Data acquisition and analysis were accomplished using the software program Autospike, version 4.0, developed by Jan van der Pers (Syntech, Hilversum, The Netherlands). The program was designed to record and analyze electrophysiological information from insect chemosensilla. This program runs on a Windows platform with an analog-to-digital/digitalto-analog interface via an IDAC controller (Syntech). Action potential discrimination and sorting are easily accomplished with Autospike.
Stimulus Delivery and Control. For these experiments, two opposing synthetic airstreams were directed toward the exposed palp: one airstream normally on, forming the background (550 ml/min), and the other airstream, normally off, containing the CO 2 stimulus (440 ml/min). An independent controller simultaneously activated two, fast-response (6 ms) three-way Teßon valves (Parker-HanniÞn Corp., FairÞeld, NJ) which controlled these airstreams and also initiated data collection by the software. The CO 2 stimuli were delivered from certiÞed formulated gas cylinders (BOC Gas, Murray Hill, NJ), each containing either 0, 150, 300, 600, or 1,000 ppm CO 2 , 20% puriÞed oxygen, and the remainder made up with puriÞed nitrogen. Between stimulations, the preparation was bathed in the background stream of CO 2 -free synthetic air (0 ppm CO 2 ).
Testing Protocol. For each preparation six 2-s stimulations of CO 2 were sequentially presented at the following concentrations: 0, 150, 300, 600, and 1,000 ppm CO 2 . The interval between individual stimuli was Ϸ10 s. After a rest period of Ϸ1 min, the protocol was repeated. Responses are expressed as (number of action potentials during the 2-s stimulus period) Ϫ (number of impulses during the initial 2-s prestimulus period). Five repetitions of this protocol were made for each preparation to form the grand average. These grand averages where then averaged across preparations, and t-tests were performed comparing the resulting grand average response across all preparations at each dose to determine whether there were any statistical differences between the two age categories. Electrophysiological preparations from mosquitoes typically last for several hours with no noticeable change in response properties. Reproducibility of the response to a particular stimulus was very high and individual responses at a particular concentration rarely differed from each other by more than several impulses. The major sources of variability were thus between individual preparations, not within any one preparation.
To establish the concentrationÐresponse functions for these sensilla in female mosquitoes, electrophysiological recordings from 15 maxillary palp sensilla were made from each of the age categories. In most cases, no more than two recordings were taken from any individual mosquito. Two cohorts from the same population but with different emergence dates were tested without noticeable differences, and equal numbers of recording of young and older mosquitoes were taken from each cohort. To establish the concentrationÐresponse function for male mosquitoes, recordings were made from 10 maxillary palp sensilla each from young and older mosquitoes.
Scanning Electron Microscopy (SEM). Mosquitoes were air-dried and adhered to an SEM stub by using tape and conductive carbon paint. Specimens were then sputter-coated with gold/palladium (Ϸ20 nm) and examined immediately using an ETEC Autoscan microscope (PerkinElmer, Hayward, CA) at 20-kV accelerating voltage and a short working distance. Images were recorded with Polaroid Type 55 P/N Þlm.
Results

General Characteristics of Sensillum Basiconicum.
Female Ae. aegypti have Ϸ25 basiconic maxillary palp sensilla (MPS) on the ventral lateral surface of the forth subsegment from the base of each maxillary palp ( Fig. 1) (McIver 1972 (McIver , 1982 . Male Ae. aegypti also possess basiconic sensilla that are distributed along the distal half of the third subsegment (McIver 1972 (McIver , 1982 . The sensilla of both sexes are innervated by three primary receptor neurons whose axons project directly to the brain. The neuron producing the largest amplitude action potential is sensitive to stimulation with CO 2 (Fig. 2) (Kellogg 1970 , Grant et al. 1995 . The neuron producing the smallest amplitude action potential is sensitive to stimulation with low concentrations of 1-octen-3-ol (Grant and OÕConnell 1996) , another mosquito attractant (Takken and Kline 1989) . The neuron producing the intermediate-sized action potential has yet to be characterized with respect to chemical sensitivity or speciÞcity. The two neurons producing the smaller amplitude action potentials are not considered further in this report.
CO 2 Concentration-Response Functions from Female Ae. aegypti. The neuron sensitive to CO 2 generally is not spontaneously active in environments without CO 2 (Grant et al. 1995) . This neuron begins to generate action potentials at CO 2 concentrations of 150 or 300 ppm. Discharge rates increased as the concentration stimulus increased at least within the range to 1,000 ppm CO 2 (Figs. 2 and 3) . The electrophysiological data from CO 2 -sensitive neurons on female mosquitoes show that young females (0 Ð2 d old) have a signiÞcantly lower overall response to stimulation with 300, 600, and 1,000 ppm CO 2 compared with older females (4 Ð7 d old) (Figs. 3 and 4) . The 150 ppm stimulation is similar in overall responses for both young and older (4 Ð7 d old) females, and as expected, neither age class showed consistent responses to 0 ppm stimulations. The difference between young and older females is dramatic (Fig. 4) , with all the older individual functions, except one, above the young responses. Excluding the 0 ppm stimulation, the concentrationÐresponse data (150, 300, 600, and 1,000 ppm) is Þt by a logarithmic function [y ϭ 122.86ln(x) Ϫ 600.99; r 2 ϭ 0.9964 (4 Ð7 d old) and y ϭ 50.017ln(x) Ϫ 234; r 2 ϭ 0.9927 (0 Ð2 d old)]. Based on an extrapolation of these equations, we estimate the thresholds for CO 2 detection are 133 ppm (4 Ð7-d-old females) and 108 ppm (0 Ð2-d-old females).
Temporal Pattern of Discharge from Female Ae. aegypti. There is considerable difference in the temporal pattern of discharge between young and older female Ae. aegypti (Fig. 2) . This difference is most obvious in the initial (phasic) part of the response. To quantify this difference, we compared the number of action potentials generated during the Þrst 100 ms of the response after the Þrst action potential during the stimulus period (phasic) with the number in the 100 ms of activity between 1.0 and 1.1 s after stimulus onset (during the tonic phase). The ratio of phasic to tonic was compared between young and older females (Fig.  5) . Although the young females showed a higher phasic tonic ratio at all concentrations, only at the highest concentration (1000 ppm CO 2 ) was this difference between the young and older females statistically signiÞcant (P Ͻ 0.001; two-tailed t-test).
Concentration-Response Functions from Male Ae. aegypti. The overall threshold and sensitivity of male Ae. aegypti to CO 2 is similar to that of the females. However, the magnitude of the difference between the ages is reduced (Fig. 6) , and they are not statistically different from each other (P Ͼ 0.05; two-tailed t-test) at any of the concentrations tested. Excluding the 0 ppm stimulation, the male concentration-response data (150, 300, 600, and 1,000 ppm) can be Þt to logarithmic functions [y ϭ 86.1061n(x) Ϫ 412.51; r 2 ϭ 0.996 (4Ð7 d old) and y ϭ 63.925ln(x) Ϫ 296.6; r 2 ϭ 0.9995 (0 Ð2 d old)]. Based on the Þtted functionsÕ equations, the predicted thresholds for CO 2 detection were 126 ppm (4 Ð7-d-old males) and 109 ppm (0 Ð2-d-old males). Both female and male Ae. aegypti possess receptor neurons that respond with comparable over- all sensitivity to CO 2 stimulation (Grant et al. 1995) (Fig. 7) as well as approximately equal projected thresholds across the age cohorts.
Discussion
After emergence, female mosquitoes normally perform a series of unique behaviors, including mating, feeding, and oviposition. For anautogenous mosquitoes such as Ae. aegypti, a bloodmeal is required to provide the protein necessary for oogenesis; consequently, the female engages in periods of host seeking. Host seeking is governed to a large degree by sensory cues not the least of which includes host odors (Takken 1991) . Foremost among the cues modulating host seeking is CO 2 (Brown 1958 , Mayer and James 1969 , Clements 1999 ; thus, the mosquito has evolved a highly speciÞc and sensitive sensory system to detect this compound (Kellogg 1970 , Grant et al. 1995 . The data presented here go further to demonstrate that the capabilities of the peripheral CO 2 -sensitive receptor neuron changes as a female Ae. aegypti ages. These changes may simply reßect the normal physiological maturation of the sensory system, or the changes may be timed by other processes in the mosquito designed to optimize the sensory capabilities of the system when it is required to mediate host-seeking behavior. Regardless, our observations show that the sensitivity of the system changes with age.
Ae. aegypti males generally emerge in slightly higher numbers and before females (Christopher 1960 ). Mat- ing can occur on the day that the female emerges, and this activity is maximal within the Þrst few days (MacGregor 1915 , Christopher 1960 , Clements 1999 ). Bloodfeeding is not required for copulation to occur. Although mating may occur soon after emergence, "a certain time elapses after emergence before the female will attempt to feed . . . " (Christopher 1960, p. 471) . Clements (1999) states that most anautogenous females "become competent to take a blood meal between Ϸ24 and 72 h after emergence." Reports concerning the time lag between emergence and bloodfeeding vary, and they are summarized in Christopher 1960. Marchoux et al.(1903) report that the mosquito is able to feed Ϸ24 h after emergence. Howard (1923) reports that biting commences between 18 and 24 h postemergence, and Johnson (1937) reports this time to be 20 Ð 48 h. In a more detailed study, of lots of 100 mosquitoes, only seven fed with 24 h of emergence; 27 between 24 and 48 h; 44 between 48 and 72 h; 62 between 72 and 96 h, and 70 between 96 and 120 h after emergence (Seaton and Lumsden 1941) . Davis (1984a) demonstrated in laboratory bioassays that female Ae. aegypti begin host seeking after 24 h, and they slowly increase this behavior to a maximum level after Ϸ96 h. This maximum host-seeking level is maintained for the next 14 d. Together, these reports suggest that less feeding activity occurs during the Þrst few days of adult life and in the quantitative studies by Seaton and Lumsden (1941) and Davis (1984) , host feeding and host-seeking activities increased dramatically between 48 and 96 h after emergence. It is tempting to speculate that the maturation we have demonstrated in the sensory system is responsible for this shift in behavior.
The data in Figs. 3 and 4 illustrate the total number of impulses generated during a 2-s stimulus period. However, bulk frequency measurements do not consider the temporal pattern of neural discharge within the response. We know (Fig. 2) that during a CO 2 stimulation of constant concentration, the receptor neuron discharges in a phasic-tonic manner with a peak frequency of action potentials occurring during the initial 100 ms of the stimulation (Grant et al. 1995) . After this phasic burst, the cells continue to discharge at a lower constant rate throughout the remainder of the stimulus. We have previously speculated that this temporal pattern of discharge may enhance the encoded information about the odor source and its concentration (Grant et al. 1995) .
The spatial distribution of an olfactory signal in the environment has been well studied Jones 1981, Murlis et al. 1992) , and for some insects, it seems that the physical nature of the odor plume governs upwind ßight and orientation (Mafra-Neto and Cardé 1994) . Because most odor signals in nature are discontinuous due to the effects of wind and diffusion on the odor plume, it seems reasonable to assume that the initial brief phasic component of the response may more accurately represent what the mosquito encounters as it navigates an odor plume. This may be more of a difÞculty in CO 2 discrimination because there is no region of the odor space that is CO 2 free. Our comparison of the phasic activity (Þrst 100 ms of response) with the corresponding tonic period occurring 1 s into the response shows that young and older mosquitoes have different ratios between phasic and tonic responses. These data are statistically signiÞcant only at the high dose (1000 ppm CO 2 ) (P Ͻ 0.001; two-tailed t-test). It is difÞcult to determine the behavioral signiÞcance of these phasic/tonic ratios without a more thorough understanding of how the sensory signal is processed by the central nervous system. However, we suspect that the ratio between phasic and tonic discharge is related to the sensitivity of the receptor neuron and the neuronÕs ability to discriminate rapid changes in CO 2 concentration that are presumed to occur in the downwind stimulus plumes.
In addition to the differences in the slopes of the concentrationÐresponse functions between young and older female mosquitoes, there are several other characteristics that seem to be age related. As indicated in Results, the CO 2 -sensitive neurons are typically silent in background environments without CO 2 . However, in young females, there was a tendency for the sensory cells to demonstrate a small amount of background or unstimulated spontaneous impulse activity. Of the 15 neurons recorded from in young female Ae. aegypti, four neurons showed some level of unstimulated spontaneous impulse activity. In contrast, none of the 15 neurones from older females showed any unstimulated spontaneous activity. In addition, in a few instances we were able to record from females within several hours of emergence, and we found that their neurons tended to discharged spontaneously. This unstimulated activity may add "noise" to the system and consequently impair the ability to discriminate Þne differences in stimulus concentration in young females.
Female mosquitoes show pronounced differences in the sensitivity of their CO 2 receptor neurons between young and older age classes. However, neurons from comparably aged cohorts of male mosquitoes do not show a comparable difference (Fig. 6) for any of the concentrations tested. Because the mouthparts of male mosquitoes are not adapted for piercing (Matheson 1944) (and consequently they cannot bloodfeed), the function of the CO 2 -sensitive sensilla on the male palps is unclear. Ae. aegypti have been observed mating above human hosts (Hartberg 1971 ); therefore, it is possible that CO 2 serves as a secondary cue to allow males to locate hosts where females might be abundant. If this is their primary function, the lack of a difference in CO 2 sensitivity between age categories may simply reßect that males can mate quickly after emergence and therefore could use these sensors at an earlier age to locate areas where females would be prevalent.
The capability of the peripheral sensory system to detect CO 2 changes as the female mosquito matures. Ae. aegypti females begin host seeking at some point after mating; therefore, we imagine that the optimization of the CO 2 -detecting capabilities of the system is not required until some time after emergence. As the mosquito continues to age or encounters different environmental conditions, do the capabilities of the sensors continue to change? Along this line, Davis (1984b) reported that the sensitivity of the lactic acid receptor on the antennae of Ae. aegypti can be up-or down-regulated by the feeding status and gut extension of the female (Davis 1984a) . Perhaps, the changes in the CO 2 -and the lactic acid-sensitive neurons represent a more dynamic set of sensory inputs that are constantly changing based on environmental conditions and age than has been previously assumed. Knowledge of the characteristics and limitations of the sensory system is needed to better understand the behavioral actions of mosquitoes, and such knowledge may be useful in the design and implementation of strategies to control these medically important vectors.
